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REMARKS 

The Office Action has been carefully reviewed. Reconsideration and allowance of 
the claims in light of the present remarks is respectfully requested. A petition and fee for 
a three-month extension of time accompanies this response. 

The Office Action stated that Claims 1-27 are pending as amended on 14 June 
2006. Applicants note that there were no amendments made to any claim in the 
response of June 14, 2006. Claims 13-16 remain withdrawn from further consideration. 

The Office Action noted that the references Jacoby, Mitch, Optical Materials: 
Tunable IR Lasers from Quantum Dots, chemical & Engineering News. Volume 81, 
Number 48, pp. 7, 1 December 2003 (Jacoby hereinafter) and Borman, Stu, Chemical 
Highlights 2003, Chemical & Engineering News, Volume 81 , Number 51 , pp. 39-50, 22 
December 2003 (Borman hereinafter) have been included in the file, but do not appear 
on an Information Disclosure Statement: In the interest of compact prosecution and as 
a courtesy to applicant, these references have been fully considered and entered o the 
List of References Cited form PTO-892 included with this Office action. 

The applicants note that as both the Jacoby reference and the Borman reference 
were published after the filing date of the present application. As such, they were not 
listed on any Information Disclosure Statement (IDS) as they were not considered prior 
art. 

Further, applicant references J. Phys. Chem. B, Published online Nov. 21, 
http://dx.dQi.orq/10.1021/ip0311660 , however no copy of this reference has been 
submitted and the address returns a 'name not found' error, therefore the reference 
cited has not been considered. 

Applicants regret that the link in the Borman reference was not sufficient to link to 
the J. Phys. Chem. B article. That article, Schaller et al., J. Phys. Chem. B 2003, 107, 
13765-13768 is attached and discussed in the current response. Again, as this article 
was published on November 21 , 2003, after the filing date of the present application, it 
is unclear that this should be referenced in an IDS as this reference is not prior art. 
Nevertheless, the article is attached to the present response. 

The Office Action noted that the rejection of claim 3 under 35 USC 102(b) as being 
anticipated by Barney has been withdrawn. 
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Applicants note that currently pending claim 19 includes substantially the same 
language as claim 3 regarding the hydrophilic groups of an amphiphilic polymer being 
selected from the group consisting of -COOH, -OH, -SO3H, -NH2, and -PO3H2. 
Applicants submit that for the same reason claim 19 is not taught by Barney and cannot 
be considered anticipated. 

Claims 1 , 2, 4-9, 17-23 and 25 stand rejected under 35 U.S.C. 102(b) as being 
anticipated by Barney. The Office Action stated that Barney teaches colloidal 
nanocrystals, a solid composite including nanocrystals and a process of making a solid 
composite including nanocrystals comprising mixing nanocrystals-including ZnS, ZnSe, 
ZnTe, CdS, CdSe, CdTe, HgS, HgSe, HgTe, AIN, AlP, AlAs, AlSb. GaN, GaP, GaAs. 
GaSb, InN, InP, InAs, InSb, TIN, TIP, TIAs, TISb, PbS, PbSe and PbTe nanocrystals 
(11^ 0011 and 0022)-with a amphiphilic material-including alkyi phosphines, alkyi 
phosphine oxides, alkyi phosphonic acids, or alkyi phosphinic acids such as tri-n-octyl 
phosphine and tri-n-octyl phosphine oxide (110022) or poly(lauryl methacrylate) (1|0015)- 
and a sol-gel precursor-such as silicon alkoxide, titanium alkoxide or zirconium alkoxide 
(110031) at rations of 5:1 to 10:1 of the nanocrystal solution to the binder (1[0042) such 
that the resulting composition has upwards of 80% high emission quantum efficiency 
(110018). 

Applicants emphasize that, with respect to the process of claims 1 , 2, and 4-9. 
Barney fails to teach "admixing colloidal nanocrystals with an amphiphilic polymer 
including both hydrophobic groups and hydrophilic groups within a solvent to form an 
alcohol-soluble colloidal nanocrvstal-polvmer complex " (emphasis added). Nothing in 
(110022) of Barney teaches or describes mixing of an amphiphilic polymer with colloidal 
nanocrystals to form an alcohol-soluble colloidal nanocrystal-polymer complex. The 
poly(lauryl methacrylate) mentioned in (110015) of Barney is present only as a matrix 
material for conventional nanocrystals, i.e., ZnS-capped CdSe nanocrystals. 

This is in stark contrast to the subject matter of claims 1 , 2, and 4-9 wherein first 
an alcohol-soluble colloidal nanocrystal-polymer complex is formed from "admixing 
colloidal nanocrystals with an amphiphilic polymer ... to form an alcohol-soluble colloidal 
nanocrvstal-polvmer complex " (emphasis added)", followed subsequently by "admixing 
the alcohol-soluble colloidal nanocrystal-polymer complex and a sol-gel precursor 
material" to ultimately form a solid composite utilizing the sol-gel precursor material as 
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the matrix material. Thus, in the applicants' process, the colloidal nanocrystals are first 
mixed with an amphiphilic polymer to form an intermediate product, i.e., quantum dots 
that are of an alcohol-soluble nanocrystal-polymer complex. Then, applicants mix these 
dots that are of an alcohol-soluble nanocrystal-polymer complex with a matrix material, 

1. e., a sol-gel precursor material. Absolutely nowhere in Barney is there any teaching or 
suggestion of such a process. The statement that Barney clearly teaches nanocrystals 
in a poly(lauryl methacrylate) matrix, which means they must have been mixed together, 
mischaracterizes the presently claimed invention. The amphiphilic polymer of claims 1 , 

2, and 4-9 does not serve as a matrix material as the poly(lauryl methacrylate) material 
does for Barney. 

Still further. Applicants point out that with respect to claim 9, Barney fails to teach 
or describe an amphiphilic polymer that is a "modified poly(acrylic acid) or modified 
poly(methacrylic acid), said modified poly(acrylic acid) or modified poly(methacrylic acid) 
including hydrophobic regions". Thus, claim 9 is simply not anticipated by Barney. 

Applicants emphasize that, with respect to the process of claims 17-23 and 25, 
Barney fails to teach any reaction product between (i)colloidal nanocrystals complexed 
with an amphiphilic polymer including both hydrophobic groups and hydrophilic groups 
and (ii) a sol-gel precursor material. Nothing in (110022) of Barney teaches or describes 
the complexation of an amphiphilic polymer. Rather, the poly(lauryl methacrylate) 
mentioned in (110015) of Barney is present only as a matrix material for conventional 
nanocrystals, i.e., ZnS-capped CdSe nanocrystals. 

In contrast, the subject matter of claims 17-23 and 25 is directed to a solid 
composite that is "the reaction product between (I) colloidal nanocrvstals complexed 
with an amphiphilic polvmer including both hydrophobic groups and hydrophilic groups 
and (ii) a sol-gel precursor material" (emphasis added). The sol-gel precursor material 
serves as the matrix material in the present invention, whereas in Barney, the matrix 
material can be an inorganic matrix such as a sol-gel type matrix or the matrix material 
can be an organic polymer matrix such as a polyacrylate matrix, such as the described 
poly(lauryl methacrylate) as described in (110030-31). But Barney does not teach nor 
suggest the use of both any amphiphilic polymer (whether to complex colloidal 
nanocrystals or not) and a sol-gel material at the same time. Thus, in the applicants' 
composite, the colloidal nanocrystals are complexed with an amphiphilic polymer and 
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reacted with a sol-gel precursor matrix material. Absolutely nowhere in Barney is there 
any teaching or suggestion of such a composite. 

Still further, Applicants point out that with respect to claim 23, Barney fails to 
teach or describe an amphiphilic polymer that is a "modified poly(acrylic acid) or 
modified poly(methacrylic acid), said modified poly(acrylic acid) or modified 
poly(methacrylic acid) including hydrophobic regions". Thus, claim 23 is simply not 
anticipated by Barney. 

Accordingly, applicants submit that claims 1 , 2, 4-9, 17-23 and 25 are not 
anticipated by the teachings of Barney. Withdrawal of the rejection and allowance of 
these claims is urged. 

Claims 11,12, 26 and 27 stand rejected under 35 U.S.C. 102(b) as anticipated by 
or, in the alternative, under 35 U.S.C. 103(a) as obvious over Barney. The Office Action 
stated that Barney teaches colloidal nanocrystals, a solid composite including 
nanocrystals comprising mixing nanocrystals-including ZnS, ZnSe, ZnTe, CdS, CdSe, 
CdTe, HgS, HgSe, HgTe, AIN, AlP, AlAs, AlSb, GaN, GaP, GaAs. GaSb, InN, InP, 
InAs, InSb, TIN, TIP, TIAs, TISb, PbS, PbSe and PbTe nanocrystals-with a amphiphilic 
material-including alkyi phosphines, alkyi phosphine oxides, alkyi phosphonic acids, or 
alkyi phosphinic acids such as tri-n-octyl phosphine and tri-n-octyl phosphine oxide or 
poly(lauryl methacrylate)-and a sol-gel precursor-such as silicon alkoxide, titanium 
alkoxide or zirconium alkoxide-and forming a solid matrix containing the nanocrystals at 
ratios of 5:1 to 10:1 of the nanocrystal solution to the binder such that the resulting 
composition has upwards of 80% high emission quantum efficiency as detailed above. 

Since Barney teaches the same composition as claimed, the transparency of the 
sol-gel host and the uniformity of the distribution of the nanocrystals of the Barney 
composition would inherently be the same as claimed. Where applicant claims a 
composition in terms of a function, property or characteristic and the composition of the 
prior art is the same as that of the claim but the function is not explicitly disclosed by the 
reference, the examiner may make a rejection under both 35 U.S.C. 102 and 103. 
There is nothing inconsistent in concurrent rejections for obviousness under 35 U.S.C. 
103 and for anticipation under 35 U.S.C. 102. In re Best, 562 F.2d 1252, 1255 n.4, 195 
USPQ 430. 433 n.4 (CCPA 1 977). 
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Initially, applicants strongly dispute that Barney teaches the same composition as 
claimed. Applicants' prior remarks (above) explain how the presently claimed subject 
matter of independent claims 1 and 1 7 is not anticipated by Barney and is patentable 
over Barney. Applicants respectfully further submit that claims 1 1 , 12, 26 and 27 are 
each dependent claims on either claim 1 or claim 17. Claims 11, 12, 26 and 27 are not 
being separately argued and will stand or fall together with the indepjBndent claims from 
which they depend. 

Claim 3 is, and claims 10 and 24 stand, rejected under 35 U.S.C. § 103(a) as 
being unpatentable over Barney as applied to claims 1 , 2, 4-9, 17-23 and 25 above in 
view of US patent Application Publication 2002/0155507 (Bruchez hereinafter). The 
Office Action stated that Barney teaches colloidal nanocrystals, a solid composite 
including nanocrystals comprising mixing nanocrystals-including ZnS, ZnSe, ZnTe, CdS, 
CdSe, CdTe, HgS, HgSe, HgTe, AIN, AlP, AlAs, AlSb, GaN, GaP, GaAs, GaSb, InN, 
InP, InAs, InSb, TIN, TIP, TIAs, TISb, PbS, PbSe and PbTe nanocrystals-with a 
amphiphilic material-including alkyi phosphines, alkyi phosphine oxides, alkyi 
phosphonic acids, or alkyi phosphinic acids such as tri-n-octyl phosphine and tri-n-octyl 
phosphine oxide or poly(lauryl methacrylate)-and a sol-gel precursor-such as silicon 
alkoxide, titanium alkoxide or zirconium alkoxide-and forming a solid matrix containing 
the nanocrystals such that the resulting composition has upwards of 80% high emission 
quantum efficiency as detailed above. 

The Office Action notes that Barney does not disclose expressly the use of 
octylamine-modified poly(acrylic acid) as an amphiphilic polymer. However, Bruchez 
discloses semi-conductor nanocrystals produced with partially grafted poly(acrylic acid) 
in which octylamines were attached to about 40% of the carboxyl groups of the 
poly(acrylic acid) (110287). 

The Office Action concluded that at the time of the invention, it would have been 
obvious to a person of ordinary skill in the art to use the octylamine-modified poly(acrylic 
acid) of Bruchez in the compositions and processes of Barney. The motivation to do so 
would have been to produce a water-soluble semi-conductor nanocrystal composition 
(Bruchez (110287). 

Applicants respectfully submit that claims 3 and 10 are each dependent directly 
or indirectly upon claim 1. Claim 1 explicitly calls for "admixing colloidal nanocrystals 
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with an amphiphilic polymer including both hydrophobic groups and hydrophilic groups 
within a solvent to form an alcohol-soluble colloidal nanocrvstal-polvmer complex " 
(emphasis added). Bruchez clearly spell out (110287) that the purpose of the "partially 
grafted poly(acrylic acid) (PAA), in which octylamines were attached to about 40% 
carboxyl groups of PAA through amide bond formation" was to lead to water-soluble 
SCNC's. While the specific language of claim 1 regarding alcohol solubility is not 
present within independent claim 17 (from which rejected claim 24 depends), applicants 
submit that the "colloidal nanocrystals complexed with an amphiphilic polymer including 
both hydrophobic groups and hydrophilic groups" of claim 17 are indeed alcohol soluble 
as well. 

Thus, there is a sharp and distinct contrast between the teachings of Bruchez 
and the presently pending claims. Bruchez is addressing water solubility of their 
nanocrystals while the applicants are claiming alcohol solubility for their nanocrystals. 
The Office Action has responded to the applicants' remarks of June 14, 2006 with the 
comment that "applicant has recognized another advantage which would flow naturally 
from following the suggestion of the prior art" and that this "cannot be the basis for 
patentability". Applicants strongly disagree. Nothing with regards to alcohol-soluble 
colloidal nanocrystal-polymer complexes could possibly "flow naturally from following 
the suggestion of the prior art" for the very reason that the prior art is focused on 
"addressing water solubility of their nanocrystals". In other words, Bruchez is teaching 
away from the presently claimed invention in that applicants seek an alcohol-soluble 
nanocrystal material so that the nanocrystal material can be processed in an alcohol 
such as ethanol (as described by the applicants in example 2 of the application). The 
suggestion (and teachings) of the prior art presents nothing with respect to solubility in 
alcohols. Rather, Bruchez (1(0287) seek to modify the hydrophobic surface of their TOP 
or TOPO coated semiconductor nanocrystals, such nanocrystals being insoluble in 
water, with the octylamine-grafted PAA to confer water solubility. This suggests nothing 
to one seeking solubility of nanocrystals in alcohols such as ethanol and the like. 
Further, as Bruchez does not cure the prior noted deficiencies of Barney with regards to 
the independent claims 1 and 17, i.e., Barney fails to show either: (i) the formation of an 
alcohol-soluble colloidal nanocrystal-polymer complex for subsequent incorporation into 
a matrix (claim 1) or (ii) the reaction product of colloidal nanocrystals complexed with an 
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amphiphilic polymer including both hydrophobic groups and hydrophilic groups and a 
sol-gel precursor material (claim 17), the claims from which claims 3, 10 and 24 depend 
are submitted to be patentable. 

In view of these differences, applicants submit that claims 3, 10 and 24 are non- 
obvious over Barney in view of Bruchez. Withdrawal of the rejection and allowance of 
these claims is urged. 

Lastly, Applicants submit that subject matter within the presently claimed invention 
has demonstrated unexpected results and such results have been noted by recent 
journal publications. Specifically, the present invention has yielded PbSe films that lase 
in the near-infrared region. Example 2 of the specification sets out that tunable 
amplified spontaneous emission (ASE) was obtained from a solid composite including 
PbSe nanocrystals that had been complexed with an amphiphilic polymer of an 
octylamine-modified poly(acrylic acid). The Jacoby reference and the Borman 
reference (discussed in the June 14, 2006 response) were commenting on the currently 
attached paper by Schaller et al., J. Phys. Chem. B 2003, 107, 13765-13768. The prior 
lack of success in this area was noted for achieving lasing in the near-IR region with 
nanocrystalline salts, such a result now achieved for the class of PbSe nanocrystals is 
noted in page 13765, both first and second columns. The use of the amphiphilic 
polymer is noted (page 13768, first paragraph). Present claims 6, 7 and 22 are 
specifically directed to the species of PbSe. Both the Jacoby reference and the Borman 
reference do refer to specific claimed subject matter in that they are lauding the 
achievements with the PbSe nanocrystals. Further note the comments within the 
Jacoby reference (about the Schaller et al. paper that is focused on the PbSe 
embodiment of the present application): first by Alexander Efros of the Naval Research 
Laboratory, "if s an important advance, especially for technological applications"; and 
second by Mark I. Stockman of Georgia State University, "a direct and convincing 
demonstration" that lasing is still possible and can be achieved in a practical manner 
despite fundamental shortcomings making in difficult to achieve lasing with PbSe. 
Applicants submit that these unexpected results presented in the specification and the 
accolades from the scientific community are additional evidence of non-obviousness of 
not only claims 6, 7 and 22, but of all the other claims encompassing the process and 
solid composite as well. 
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In view of the foregoing remarks, claims 1-12 and 17-27 are urged to be 
allowable. If the Examiner believes there are any unresolved issues despite this 
amendment, the Examiner is urged to contact the applicants' attorney undersigned 
below for a telephonic interview to resolve any such issue. A favorable action is 
solicited. 

Respectfully submitted, 



Date: 



Reg. No. 
Phone 



2/2/07 



30,620 

(505) 667-9168 



Signature of Attorney 

Bruce H. Cottrell 

Los Alamos National Laboratory 

LC/IP, MS A187 

Los Alamos, New Mexico 87545 
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Tunable Near-Infrared Optical Gain and Amplified Spontaneous Emission Using PbSe 
Nanocrystals 

R. D. Schaller, M. A. Petruska, and V. L Klimov* 

Chemistry Division, C-PCS, Los Alamos National Laboratory, Los Alamos, New Mexico 87545 
Received: October P, 2003 

Here, for the first time, we demonstrate amplified spontaneous emission (ASE) fi-om PbSe nanocrystals (NCs) 
with emission energies tunable in the near-infirared (IR). We show that despite complications associated with 
a high, 8-fold degeneracy of the lowest quantized states and fast, nonradiative Auger recombination, optical 
gain parameters of PbSe NCs are comparable to those of CdSe NCs used for light amplification in the visible. 
These results indicate that previous unsuccessful attempts to realize the lasing regime in NCs of lead salts 
were not due to intrinsic physical reasons but likely resulted from material quality issues. By using a novel 
sol— gei procedure that provides both good quality surface passivation and high NC filling factors (>15%), 
we fabricate PbSe NC/sol— gel nanocomposites that produce ASE, which is tunable via NC size, in the near- 
IR. This finding indicates the feasibility of NC-based amplifiers and lasers tunable in the near-IR range and, 
in particular, in the range of teleconmnmication windows. 



Chemically synthesized nanocrystals (NCs) exhibit wide- 
range size-controlled tunability of the emission color and high 
photoluminescence (PL) quantum yields (QYs). These charac- 
teristics make NCs attractive materials for light-emitting ap- 
plications ranging from bio-labeling' and solid-state lighting^ 
to optical amplification and lasing, Similar to such "soft" light 
emitters as organic dyes and conjugated polymers, colloidal NCs 
offer chemical flexibility and processibility and can be easily 
incorporated into photonic stractures or optical waveguides.^-* 
However, while organic molecules are poor infrared (IR) light 
emitters, III- V and IV- VI^ NCs show efficient IR emission 
with high, up to near-unity QYs.^ Here, we analyze the 
fimdamental physics of light amplification in PbSe NCs with 
emission energies in the near-IR. We experimentally verify that 
the lowest quantized states of PbSe NCs exhibit a high, 8-fold 
degeneracy. We find that despite this high degeneracy and fast, 
nonradiative Auger recombination, ' PbSe NCs exhibit optical 
gain parameters that are similar to those of CdSe NCs, which 
have been shown to produce light amplification at visible 
wavelengths.^ Using a novel sol-gel procedure that maintains 
good surface passivation and high NC filling factors, we 
demonstrate size- tunable ASE from PbSe NC/sol— gel nano- 
composites prepared in the form of '^active" planar waveguides. 

To date, light amplification and lasing have only been 
demonstrated for II-VI CdSe NCs.^"^ However, because of 
the large energy gap (> 1 .75 eV), these NCs cannot be used for 
light amplification in the IR spectral range. On the other hand, 
tunable NC-based media capable of producing emission (see 
Figure la) and optical gain at a specific near- or mid-IR 
wavelength (within, e.g., telecommunication and atmospheric 
transparency windows) are highly desirable for a number of 
applications ranging from optical communications and remote 
sensing to a recent proposal of coherent plasmon generation.'^ 
Lead salts such as PbSe have been used as IR gain media in 
quantum-well-based devices. Although previous studies of 
lead-salt NCs (PbS) dispersed in glass matrixes provided some 
indications of optical gain,*"* no evidence for the ASE regime 
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was obtained. The existence of optical gain, however, does not 
ensure the development of ASE and laser action because of 
potentially hindering factors such as short gain lifetimes and/ 
or strong optical losses that could lead to negative modal (i.e., 
net) gain despite the fact that the material gain (as measxued, 
e.g., in ref 14) is positive.- The failure of all previous anempts 
to produce ASE using lead-based NCs resulted in the perception 
that fundamental physical issues prevent ASE and lasing regimes 
in these materials. 

A review of PbSe properties may indeed lead to discouraging 
conclusions regarding the use of these materials for optical gain 
applications. One possible obstacle to the development of optical 
gain is associated with a multivalley character of the PbSe band 
stracture [4 equivalent band minima at the L points of the 
Brillouin zone (Figure lb)], which together with a 2- fold spin 
degeneracy, can lead to the 8-fold total degeneracy of NC 
quantized states involved in the "emitting" U-ansition.'^ This high 
degeneracy, which we experimentally confimi below, directly 
impacts the optical gain threshold (i.e., the condition for the 
population inversion) by increasing it up to 4 electron— hole 
(e— h) pairs per NC on average instead of just 1 e— h pair in the 
case of 2-fold degeneracy. 

Another potential complication is associated with highly 
efficient Auger recombination in which the e-h recombination 
energy is not released as a photon but is instead transferred to 
a third particle (an electron or a hole).' ^ In bulk semiconductors, 
the Auger recombination rate increases exponentially as the 
energy gap is decreased.'^ Therefore, this process is much more 
efficient in narrow-band PbSe*^ than, e.g., in wide-gap CdSe, 
leading to a fast, subnanosecond carrier decay at excitation 
densities greater than 10'* cm"^. In sub-10 nm PbSe NCs, the 
effective carrier densities are > 10'^ cm"^ in the case of just a 
few e— h pairs per NC, and hence Auger recombination can 
severely limit lifetimes of multi-e-h pair states that are 
responsible for producing optical gain,'^ 

However, the above qualitative analysis is based upon 
properties of bulk PbSe and can only be indirectly related to 
PbSe NCs. To experimentally study optical gain properties of 
PbSe NCs, we use high-quality colloidal samples fabricated via 
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Figure 1. Optical properties of PbSe NChexane solutions, (a) The emission energies of PbSe NCs are size-tunable through the near-infrared with 
emission QYs of 70% (when compared to the IR laser dye IR26 and corrected for detector and diflraction grating efficiencies), (b) The pump- 
power dependent bleaching behavior of the y4i band-edge absorption maximum (1530 nm) of PbSe NCs in hexane (squares) is closely reproduced 
by the Poisson distribution for NC populations in the case of the 8-fold degeneracy {D = 8) of states involved in the^^i transition (solid line); this 
behavior differs significantly from that observed in the case of the 2-fold degeneracy {D ~ 2) (black dotted line) typical, e.g., for CdSe NCs.'* The 
4 equivalent band minima at L points of the Brillouin zone, which give rise to this 8-fold degeneracy, are shown schematically (inset). The pimip- 
dependent bleaching at 1570 nm (circles) (~15 nm red-shifted from the PL band maximum) indicates a transition to optical gain (— AcL/a > 1) for 
excitation densities >8 e— h pairs/NC. (c) The high efficiency of Auger recombination is indicated by a direct comparison of the biexciton (circles) 
and single exciton (black line) decays. The biexciton decay is characterized by -^50 ps time constant, which is orders of magnitude faster than that 
for single excitons. (d) Highly efficient Auger recombination leads to the acceleration of the bleaching/gain decay (measured at 1570 nm) with 
increasing pump level. The gain lifetime measured at excitation densities corresponding to gain saturation (solid line) is '^lO ps. 



an orgaiiometallic route^ that show --5% size dispersion and 
~70% PL QY in hexane solutions. To detect optical gain and 
to monitor its dynamics, we use a transient absorption (TA) 
experiment in which the sample is excited by 50 fs, 1.55 eV 
pulses from an amplified Ti-sapphire laser, and the absorption 
change, Aa, within the photoexcited spot is probed by variably 
delayed, ICQ fs pulses from a tunable IR optical parametric 
amplifier. Optical gain corresponds to the situation for which 
the absorption bleaching is greater than the ground-state 
absorption, Oo, and hence that the absorption of the excited 
sample (a = Oo — |Aa|) is negative. As a measure of excitation 
densities, we use an average number of e— h pairs per NC, iVch, 
generated by the pump pulse. 

To evaluate the degeneracy of the lowest quantized levels in 
PbSe NCs and to estimate the "theoreticaP* gain threshold, we 
perform pump-induced absorption saturation measurements at 
the position of the band-edge absorption maximum {A]). In 
Figure lb, we compare the results of these measurements with 
saturation curves calculated for 2- and 8-fold degenerate states 
assuming the Poisson distribution of NC populations.*' This 
comparison indicates that ihe degeneracy of the lowest NC levels 
is indeed 8 (as expected from the analysis above), suggesting 
that the gain threshold is 4 e— h pairs per NC. Further, this result 
shows that optical gain in PbSe NCs originates from high-order 



multiexcitonic states (iVeh ^ 5), which is in sharp contrast to 
CdSe NCs, for which the band-edge optical gain is dominated 
by well-defined biexcitonic (iVeh = 2) states (as a result of the 
2-fold degeneracy of the lowest quantized levels) J ^ Therefore, 
exciton— exciton interactions are expected to have a much 
stronger effect on the lasing performance of PbSe NCs in 
comparison with CdSe NCs via a strong influence on gain 
spectral and dynamical characteristics. 

By monitoring TA signals below the absorption peak, we 
observe a gradual increase in |Aa|/ao with decreasing probe 
photon energy until it crosses unity, indicating a transition to 
optical gain (Figiu'e lb). Pump-dependent measurements of | Aa| 
(circles) at the gain spectral maximum (1570 nm) indicate that 
the gain threshold occurs at TVch 8, which is twice as high as 
the theoretical threshold, likely because of a competing contri- 
bution from excited state absorption as was previously observed 
for solutions of CdSe NCs.-^ However, despite being high in 
terms of the number of e— h pairs per NC, because of relatively 
large absorption cross sections, the "practical" threshold pump 
fluences for PbSe NCs are comparable to those for CdSe NCs 
and are ~0.1 — 1 mJ cm~^ per pulse. Furthermore, from the 
saturated gain magnitude (Figure lb), we estimate that the gain 
cross section is ~2 x 10"*^ cm-, which is more than an order 
of inagnimde greater than in CdSe NCs.^ 
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Figure 2. Sol-gel/'NC synthetic route, (a) NCs are mixed with an 
amphiphilic polymer, which interacts with the NC surface and its 
capping ligands, forming a complex. The hydrophilic COOH groups 
(for clarity, only the OH reactive site of the COOH fimctionality is 
shown schematically) found on the exterior of this complex serve as 
the reactive sites through which the NCs are incorporated into the titania 
sol— gel matrix, (b) This chemistry » which can be generalized to other 
materials, allows the desirable optical properties of the NCs to be 
maintained when cast as high quality optical films, as can be seen in 
the reproducible absorption spectra of NCs before and after incorpora- 
tion into the sol— gel film, (c) An atomic force microscopy image shows 
the high quality of the PbSe NC/sol— gel film with a height nonuni- 
formity of <6 nm (much less than ?.pi). 

To evaluate the role of multiexciton Auger recombination, 
we monitor pump-intensity dependent TA dynamics at both the 
A\ absorption maximum (Figure Ic) and the gain band maximum 
(Figure Id). Comparison of single e— h pair (exciton) and two 
e-h pair (biexciton) decays extracted from the A] bleaching 
dynamics'^ indicates that multiparticle interactions lead to a 
dramatic shortening of the biexciton lifetime (r.^ ^ 50 ps) 
compared to the single exciton lifetime. Strong multiparticle 
interactions directly affect optical gain dynamics (Figure Id). 
At a low pump fluence (Neh < 1), the Aa decay within the 
gain band is slow (consistent with single-exciton dynamics in 
Figure Ic), but it accelerates dramatically at pump fluences 
above the gain threshold for which nonradiative Auger recom- 
bination governs the decay of photoexcited carriers. The gain 
lifetime is '^lO ps at pump powers corresponding to gain 
saturation. Although quite short, this time is comparable to that 
observed in CdSe NCs. 

The above results indicate that despite the fact that the physics 
of PbSe NCs seems to be unfavorable for optical gain applica- 
tions, the measiu-ed optical gain parameters (gain threshold, cross 
section, and lifetime) are comparable or even superior to those 
in CdSe NCs. This observation indicates that previous failures 
in achieving ASE in lead-salt NCs have not been due to intrinsic 
"physical" reasons but were likely a result of insufficient 
material quality. 

Two material parameters important for ASE performance are 
the quality of NC surface passivation and the concentration of 
NCs in the matrix/solvent A sufficiently high degree of surface 
passivation is required to keep photoexcited carriers in the * 'gain- 
active" quantized states without being trapped at the surface 
for at least as long as the intrinsic, Auger-recombination-limited 
optical gain lifetime.'^ On the other hand, high NC volume 
fractions (practical threshold is a few percent^) are required to 
produce a fast buildup of the stimulated emission that "beats" 
the Auger decay. One approach that satisfies both conditions is 
the self-assembly of NCs into close packed solids.^ Such solids 
maintain the high QYs achieved in solutions and also provide 
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Figure 3. Amplified spontaneous emission in PbSe NCs. (a) Develop- 
ment of a spectrally narrowed ASE band at 1555 nm is observed as a 
function of pump power (100 Hz pump laser repetition rate) for a NC/ 
sol— gel composite at 7* = 80 K. Comparison of normalized emission 
spectra produced using low (blue) and high (red) pump intensities 
(inset), which are dominated by spontaneous PL and ASE, respectively, 
shows the ASE as a spectrally narrowed, red-shifled band. The high- 
frequency modulation present in the spectra is an etalon artifact 
associated with the array detector, (b) Growth of the ASE band is 
observed to be superlinear following subtraction of the strong spontane- 
ous PL background with a clear threshold of ^^0.2 mW (linear fit slopes 
below and above threshold on the log- log plot are indicated). Grovtlh 
of the spontaneous PL band exhibits sublinear power dependence due 
to the saturation of the population of the lowest quantized states as 
indicated by absorption saturation results in Figure lb. (c) Extracted 
ASE bands (spontaneous PL subtracted) from multiple samples exhibit 
size tunability over a range of ^1425-1625 nm. 

very high NC densities (>20% volume fractions), well above 
what is required to produce ASE. 

However, our experiments with self-assembled PbSe NC films 
indicate that because of a relatively weak binding of capping 
molecules to the PbSe NC surfaces, these films rapidly degrade 
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under the intense laser illumination and do not allow realization 
of the ASE regime. To improve the stability of PbSe NCs in 
the solid-state form, we have developed a new procedure for 
incorporating NCs into transparent titania sol— gel matrixes. 
Because the surface chemistry of the PbSe NCs is different from 
the behavior of CdSe NCs, the previously reported routes to 
CdSe-titania nanocomposites^-^ that involved ligand surface 
exchange are not directly applicable to the PbSe NCs. Here, 
we use an amphiphilic polymer to complex the PbSe NCs that 
bypasses the surface exchange and renders the NCs alcohol- 
soluble.^^ Though some of the hydrophilic COOH moieties on 
die polymer can bind to the NC surface, others will be found 
along the periphery of the NC-polymer complex, providing the 
reactive sites that allow the NCs to be directly tethered to the 
titania network (Figure 2a). As illustrated in Figure 2b, the 
absorption spectmm of PbSe NCs after incorporation into the 
titania matrix maintains the same sharp features as the original 
solution, indicating a high monodispersity of NCs in the solid- 
state form. Further, via combined optical and profilometry 
measurements, we infer very high NC filling factors ('^15%), 
which are well above the critical density required for the 
development of ASE. 

For ASE studies, we fabricate high optical quality sol— gel/ 
NC films (~1 — 2 um thickness) on quartz slides by spin-coating 
(planar waveguide configuration). The films are pumped with 
a laser beam focused into a narrow stripe of approximately 1 
cm length. To facilitate the development of ASE we use 
uncompressed, 200 ps pulses from an amplified Ti-sapphire 
laser, which allow us to extend the duration of the optical gain 
beyond its "natural" Auger-recombination-limited lifetime. As 
the pump level is gradually increased, we first observe a 
spectrally uniform growth of the spontaneous PL band (maxi- 
mum at 1490 nm) with an initial linear increase followed by 
saturation due to tlie transition to the Auger recombination 
regime. At higher pump levels, a new band rapidly grows on 
the red side of the spontaneous PL (1555 nm). Following the 
subtraction of the background resulting from the "saturated" 
spontaneous emission, this new band shows a well-defined 
threshold ('-0.2 mW) and a clear superlinear growth; both of 
these observations are signatures of the ASE regime. The 
spectral width of the extracted ASE band (Figure 3) is 
significantly narrower (by a factor of 3.2) than the width of the 
spontaneous emission band and does not show significant 
changes with increasing pump level (similar behavior is 
observed in CdSe NCs^^)» which is likely due to NC heteroge- 
neity in the sample. Control experiments performed on both 
dilute solutions and low-filling factor (<3— 5%) films do not 
show the 1555 nm band, indicating that it is not due to "intra- 
NC nonlinear effects, such as multiexciton recombination.^^ 
Further, the ASE mechanism is confirmed by the fact that in 
pump dependent measurements on high-filling factor samples, 
the 1555 nm emission only develops at sufficiently long stripe 
lengths, which is consistent with a strong (exponential) depen- 
dence of the emission intensity on the amplification length 
expected for the ASE regime. We have observed ASE for 
multiple sol— gel/NC films at both liquid nitrogen and room 
temperatures; the room-temperature threshold is a factor of 2 
higher than at cryogenic temperatures because of a decrease in 
film optical quality due to thermal effects. 

"Active" solid-state PbSe NC nanocomposites demonstrated 
in this Letter have significant technological potential. The gain 
spectrum of sol— get glasses activated with 4.8 nm diameter NCs 



extends from 1450 to 1550 nm, which covers the 1.5 ^m 
telecommunications window. Compared to Er-doped fibers that 
are typically used for light amplification in this spectral range 
(20-30 nm bandwidth and 0.01 cm"^ gain), these new NC- 
activated glasses, for just a single size, offer significantly greater 
bandwidth and higher gain magnitude (100-150 nm and --100 
cm"*). The large refractive index (1.8— 1.9) and high optical 
quality of sol— gel films allow one to directly use them as planar 
optical waveguides. The NC nanocomposites can also be easily 
processed into structures of other geometries (e.g., uniform 
cylindrical or stmctured photonic fibers) or combined with 
feedback elements (e.g., distributed feedback gratings) to enter 
the lasing regime. 
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